Chronic pancreatitis (CP) is a progressive inflammatory condition triggered by the loss of exocrine pancreatic acini and fibrosis or scarring of pancreas tissue [1] . The exocrine pancreas comprises about 90 % of total pancreas and releases digestive enzymes such as chymotrypsin, amylase and lipase in response to a meal. CP develops in 16 % of patients presenting with acute pancreatitis, a number which increases to 38 % upon second admission. The most common symptom of CP is abdominal pain, which can be both intermittent and persistent. Furthermore, 95 % of CP patients present with alcoholic or idiopathic disease [1]; however, excessive consumption of alcohol alone may not be the cause of CP. Additional causes of CP include gallstones, exposure to volatile hydrocarbons, viral infection and genetic mutations [2] . There are various genetic forms of CP including gain-of-function mutations in genes such as Prss1 which results in a form of trypsin that is resistant to degradation and can lead to an autosomal-dominant hereditary form of CP [1] . In contrast, loss-of-function mutations in genes such as Spink1 and Cftr, which is involved in the inactivation of pancreatic trypsin, are also associated with CP. The overall survival rate for CP patients is only 50 % at 20-25 years from diagnosis [3] , and CP patients also have an increased risk of developing pancreatic cancer [4] .
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Current treatments for CP involve pain management with paracetamol and non-steroid anti-inflammatory drugs as first line, followed by mild opioids such as tramadol. An important clinical feature of CP is steatorrhea, caused by reduced absorption of fat in the intestine. Supplementation of pancreatic enzymes such as lipase, together with H 2 histamine antagonists, is used to reduce this malabsorption of lipids [1] . Micronutrient therapy containing antioxidants such as Antox® (containing methyl and thiol moieties, as well as methionine and vitamin C) is now being tested, as it has been shown to control the pain and attacks associated with CP [1] .
The pathogenesis of CP is believed to be associated with inappropriate pancreatic enzyme activation and clearance from the acinar cells. Increased pancreatic Ca 2+ levels as a result of excessive consumption of alcohol or other causes is common in CP, with calcifying protein deposits implicated in the blockage of the acinar ducts, leading to digestive enzyme accumulation and subsequent inflammation. Other evidence suggests that noxious agents such as alcohol are directly toxic to the acinar cells and may also trigger the activation of pancreatic stellate cells [5] . An important element of the pathogenesis of CP is fibrosis, which can occur via sustained activation of pancreatic stellate cells that migrate to sites of tissue damage and secrete excess extracellular matrix proteins, causing fibrosis or scarring [6] . Factors that drive this fibrotic response include lipid peroxidation products released by acinar cells and TGF-β1 release by reactive oxygen species (ROS)-activated mast cells that infiltrate the pancreas as part of the inflammatory response to CP [1] . Progression of fibrosis in CP is associated with the loss of acinar and islet cells, leading to both exocrine and endocrine pancreas dysfunction. There are currently no effective therapies to prevent or reverse CP [7] . Given the insidious nature of CP, together with the increased mortality rate and pancreas cancer risk, improved treatment options for reversing the progressive fibrosis associated with this disease are urgently needed. To this end, new molecular targets that are involved in the onset and progression of fibrosis associated with CP need to be identified.
Gremlin1 is a secreted member of the cysteine knot DAN family of glycoproteins [8] . Gremlin1 binds to and antagonises bone morphogenetic proteins (BMPs) in the extracellular matrix, preventing BMP receptor activation and downstream signalling [8] . Gremlin1 is involved in physiological processes such as limb and digit formation and nephrogenesis [9] . Increased Gremlin1 expression has been identified in fibrosis associated with kidney, lung, heart and liver disease [10, 11] . Targeting Gremlin1 by gene deletion or shRNA knockdown reduced the severity of kidney disease in mouse models of diabetic nephropathy (DN) [12, 13] . A genetic variant of Gremlin1 is associated with increased risk of diabetic nephropathy [14] . A novel role for Gremlin1 as a proangiogenic ligand of the VEGFR2 receptor has also been identified [15] . Relevant to this finding, several groups have identified increased Gremlin1 levels in a range of cancers, including colon, pituitary, malignant mesothelioma, cervical and pancreas cancers [16, 17] . Importantly, levels of Gremlin1 have been shown to be elevated in human biopsies from patients with DN [11] , pulmonary arterial hypertension (PAH) [10] , non-ischaemic heart failure [18] and liver fibrosis [19] . In this issue of J Mol Med, Staloch and colleagues have identified a new role for Gremlin1 as a novel biomarker and potential therapeutic target in CP [20] . The molecular targets of Gremlin1, BMPs, have been shown to antagonise the profibrotic action of TGF-β1 in fibrosis [20] . BMP-2 inhibits TGF-β1 activation of pancreatic stellate cell and extracellular matrix secretion [21] . During CP progression, BMP activity is reduced and TGF-β1 activity is increased, causing fibrosis and CP progression [20] . The current report from Staloch and colleagues suggests that upregulation of Gremlin1 represents a mechanism by which anti-fibrotic BMP action is inhibited during CP, allowing the pro-fibrotic action of TGF-β1 to dominate.
CP can be induced in mice via intraperitoneal injection of the cholecystokinin analogue cerulein [20] . Marked collagen deposition was evident in pancreatic sections of ceruleininjected mice. Increased levels of pancreatic TGF-β1 was detected after 1 week, together with increased Gremlin1 expression which peaked at week 3 post-CP induction. Mice haploinsufficient for Gremlin1 (grem1+/−) displayed attenuated pancreatic collagen deposition in response to cerulein at week 4 post-injection. Isolated mouse pancreatic stellate cells (mPSCs) showed increased Gremlin1 expression in response to TGF-β1, and recombinant Gremlin1 was able to block BMP-2-mediated inhibition of TGF-β1-induced collagen expression. Importantly, increased levels of Gremlin1 were detected in the pancreata of CP patients, confirming the relevance of these findings to human disease.
So, what are the clinical implications of these data? CP is a complex disease that involves both an inflammatory component and a fibrotic injury. Given the paucity of treatment options to delay or reverse fibrosis in CP, the BMP/Gremlin1 axis may represent a novel pathway that can be targeted in CP. The balance of signalling factors that regulate pancreatic stellate cells is perturbed during CP, with increased Gremlin1 expression appearing to dampen anti-fibrotic BMP signalling, thus exacerbating TGF-β1-mediated fibrosis (summarised in Fig. 1 ). Treatment strategies that inhibit TGF-β1 would, prima facie, have the potential to improve patient outcome in CP. However, targeting of TGF-β1 is limited by the potential for serious side-effects due to the pleiotropic nature of TGF-β1 action in the body. Focus has therefore turned to downstream targets of TGF-β1 such as CTGF and Gremlin1 as potential targets in fibrosis. Given the wealth of data implicating Gremlin1 in fibrosis of the kidney, lung, heart, liver and now pancreas, it would seem that strategies to inhibit Gremlin1 would have obvious clinical potential. This view was supported by a report from a Novartis group who demonstrated that antibody-mediated targeting of Gremlin1 reduced vascular remodelling and improved the outcome of mice with PAH [22] . This paper provides an important proof-ofconcept for those researchers interested in developing pharmacological tools aimed at targeting Gremlin1 action in fibrosis in CP patients. Advances in this field have been achieved by the identification of molecules such as tilorone and Thr123 which activate BMP-7 signalling and reduce lung and kidney fibrosis [23, 24] . Pharmacological inhibition of Gremlin1 would also be of interest to colleagues working in the cancer field, as elevated Gremlin1 levels have been detected in numerous cancers. Indeed, Gremlin1 has been suggested as a pro-angiogenic factor capable of activating VEGFR2, which may contribute to its role in tumour development [25] . An important role for Gremlin1 resides in its maintenance of Novel anƟ fibroƟc therapies? Fig. 1 Summary of Gremlin1-mediated fibrosis in chronic pancreatitis. TGF-β1 signalling to pancreatic stellate cells (PSCs) drives fibrosis via expression of extracellular matrix proteins such as fibronectin and collagen, and also increases α-smooth muscle actin expression (α-SMA). This pro-fibrotic signalling is counteracted by BMP-2 signalling, which in turn is inhibited by increased Gremlin1 expression from PSCs triggered by TGF-β1 and other factors. Thus, increased Gremlin1 is both a driver and marker of fibrosis during chronic pancreatitis cancer stem cell (CSC) pluripotency, which has been implicated in colon cancer and glioma initiation and development [26, 27] . Thus, pharmacological targeting of Gremlin1 in this scenario would drive CSCs towards a more differentiated tumour cell type that would be more susceptible to chemotherapy and radiotherapy agents [27] . Given that CP progresses to pancreas cancer in approximately 7 % of patients, this suggests that Gremlin1 may have overlapping roles in both fibrosis and cancer. Some outstanding questions remain to be answered, such as, is Gremlin1-mediated inhibition of BMPs the sole pro-fibrotic mechanism at play during CP? Is the increase in Gremlin1 expression in CP part of an acute repair process in the pancreas that becomes dysregulated in chronic disease? Also, since Gremlin1 is a secreted protein, can we detect elevated Gremlin1 levels in the circulation of patients with CP or other forms of fibrosis? In the connective tissue disorder Loeys-Dietz syndrome, Gremlin1 plasma levels of 858 ng/ml were detected, compared to 349 ng/ml in healthy donors [28] . It would be interesting to explore the potential of Gremlin1 as a circulating marker of fibrosis in CP and other conditions such as DN and PAH. New high-affinity Gremlin1 antibodies would greatly enhance our ability to detect Gremlin1 in patient plasma or serum samples.
In conclusion, CP can now be added to the growing list of fibrotic disorders in which Gremlin1 is implicated. Staloch and colleagues shed new light on the pathophysiology of CP and identify the Gremlin1/BMP signalling axis as a novel therapeutic target for the treatment of CP. Future work will determine if targeting of Gremlin1 can provide benefit in delaying or reversing the progression of CP in patients.
